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Abstract 


The aim of this study is to design, fabricate and evaluate a new type of up-cut rotary tiller and to 
develop correct formulas to estimate its torque and draft force using the laws of classical mechanics. 
In order to verify the model, a real-sized prototype of the rotary tiller was tested. It was hypothesized 
that four processes are involved to create the rotary tiller torque, namely soil cutting, soil lifting, soil- 
metal friction, and soil velocity. Furthermore, it was assumed that the horizontal components of soil 
cutting and soil-metal friction forces create the required draft of the machine. Based on these 
hypothesizes, mathematical formulas were developed to calculate torque, and draft requirements of the 
machine. To facilitate performing necessary calculations, the developed formulas were entered in a 
worksheet of the MS Excel software. According to the results of this study, the average experimental 
draft and torque of the machine tilling a silty clay loam soil were 16.8 N and 12.8 Nm, respectively. 
Furthermore, the average theoretical draft and torque of the machine were 13 N and 11.8 Nm 
respectively. These promising results can be considered as the accuracy check of the formulas 
developed herein. 
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Imagine a gardener digging and turning 
over the orchard soil with a shovel. The shovel 
is a suitable tool in places where the lack of 
maneuverability is a serious issue. Is there an 
engine-powered machine that can perform the 
same? The rotary tiller can be an appropriate 
option. However, the working depth of a 
conventional down cut rotary tiller is 
restricted, and it may have undesirable side 
effects such as soil re-tilling. The up-cut rotary 
tiller is an alternative choice to compensate for 
the above-mentioned drawbacks of the 
conventional one (Shibusawa, 1993). In order 
to design a rotary tillage machine, it is 
important to have a correct understanding of 
the amount of torque required. To achieve this 
goal, the majority of researchers measured the 
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consumption of a conventional rotary tiller 
using an experimental procedure (Asland 
Singh, 2009; Chertkiattipol and Niyamapa, 
2010; Matin et al., 2015, Gholami ef al., 
2017), while few researchers calculated the 
machine torque theoretically (Bernacki et al., 
1972; Ahmadi, 2017). However, the 
experimental measurement as well as the 
theoretical calculation of the torque and draft 
requirements of an up-cut rotary tiller has not 
received the amount of attention that it 
deserves. 

Therefore, the aim of this study is to design, 
fabricate and analyze experimentally a new 
up-cut rotary tiller and to estimate its torque 
and draft using the laws of classical 
mechanics. 


Materials and Methods 


Introducing the machine 

The working unit of the machine consists of 
three main parts: blades, a flange, and a 
rotating shaft. Each blade is formed from a 
cutting edge and a blade extension. The blade 
extension is a curved metal shank with the 
inner radius of 140 mm, thickness of 20 mm, 
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width of 60 mm, and the central angle of 225° 
(Fig. 1a). 


(a) 


™ blade extension 


/ blade cutting edge 


(b) 


Fig. 1. a) Components of the designed blade, b) 3D, and c) 2D views of the working unit of the 


Figs. 1b and Ic depict the method of assembly 
of the blades on a flange. The end of each 
blade extension is located tangentially on the 
back of the blade ahead. During operation, it is 
expected that the cut soil flows through the 
blade extension passage as the flange rotates, 
then the soil is delivered to the back of the 
next blade extension, which finally discharges 
it behind the machine. 

Introducing the test rig of the machine 


tiller 


After the fabrication of the machine prototype, 
it was installed on a test rig so that the 
translational motion of the tiller relative to the 
ground, as well as the effect of the operation of 
all blades on the draft force and torque 
requirements of the machine can be studied. 
The prototype had a simple manually operated 
soil bin. Maintaining a fixed speed ratio was 
the most important point considered for 
designing the test rig. Fig. 2 shows details of 
the test rig used herein. 
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Fig.2. a) Complete assembly, b) magnified view of the front part, c) exploded view, d) magnified 
view of the rear part of the test rig, and e) the method of motion activation of the soil box. Where 
digit | was used for the digital torque wrench, 2 for the machine shaft and flange, 3 for each of the 
blades, 4 for the soil box, 5 for the shaft pulley, 6 for the twin pulleys, 7 for the shaft of the twin 
pulleys, 8 for the pressure sensor and gauge, and 9 for the soil box rollers. Furthermore, R1 was 
used for the rope that connects the shaft pulley to one of the twin pulleys, R2 for the rope that 
connects the other twin pulley to the rope R3 and R3 for the rope that surrounds both the pressure 
sensor and the soil box 


The only power source of the test rig is the 
input torque, which is provided by a manually 
operated digital torque wrench 1. The resulting 
rotational motion is transferred through the 
shaft and flange 2 to the blades 3 of the 
machine, which were designed to cut the soil 
of the soil box 4. Pulley 5, which was fixed on 
the shaft, conveys power to one of the twin 
pulleys 6 through the rope R1. Because the 
twin pulleys were fixed to the free-rolling 
shaft 7, rotation of the first pulley leads to the 
rotation of the other, which in turn pulls the 
soil box 4 by means of the rope R2. To 
measure the required force for the motion of 
the soil box, a pressure sensor and gauge 8 was 


utilized (Model: MDEF® Calibra Aneroid 
Premium Professional Sphygmomanometer 
with the accuracy of +3 mmHg without pin 
stop), which were attached to the soil box 
using the rope R3. As shown, when the rope 
R2 pulls the surrounding rope R3, it makes the 
pressure sensor compressed against the 
backplane of the soil box 4; therefore, the 
pressure gauge 8 can measure the horizontal 
force developed in the soil cutting process. To 
reduce the friction between the soil box and 
the ground, free-rolling rollers 9 were used. In 
this assembly, the value of speed ratio, i.e. the 
ratio of the peripheral speed of the blade tip to 
the speed of the soil box, can be altered using 
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pulleys having different diameters. In the 
present arrangement of pulleys, the resulting 
speed ratio was 3.6. Finally, in order to extract 
the net torque required to cut the soil (T,) from 
the total torque measured by the torque wrench 
1 (T,), the imposed torque to the wrench due 
to the motion of the soil box (7,,) was 
calculated: The required force for moving the 
soil box was named by F,, (N), then T,, (Nm) 


was calculated using the formula T,,, = Fy, X 
95 
1000’ 
radius of 95 mm. Finally, T, can be calculated 


using the formula T, = T; — Ty. 


because all of the utilized pulleys had the 


An experiment was performed using a 
remolded silty clay loam soil (Table 1). The 


average moisture content of the soil was about 
10%. Before performing the test, the soil bed 
was prepared to achieve the desired level of 
cone penetration resistance i.e. maximum 
value of about 800 kPa with a _ cone 
penetrometer (Model CP20, Agridy Rimikpty. 
Ltd. Toowoomba, Australia) to a depth of 100 
mm. Firstly, the soil was pulverized and water 
was sprayed on it to achieve the required 
moisture content. Then, the soil box was filled 
with the soil in three layers and each layer is 
leveled and compacted manually to the desired 
penetration resistance. To ensure uniformity of 
the soil, preparation of the soil bed was 
repeated if the penetration resistance values 
varied significantly from each other. 


Table 1- General properties of the soil used for the verification procedure 
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loam 


Estimation of the machine torque 
It is hypothesized that, as followed below, 
four processes are involved to create the 
machine torque. 
Torque requirement due to soil cutting process 
To calculate the above-mentioned torque, 
the kinematics of the blade must be realized. 
To achieve this goal, the position coordinates 


of the cutting edge of the working blade were 
obtained using eq. (1): 
Xwp = vt + Rp sinwt 1 
Ywp = —R,coswt (1) 
Note: Definitions of the parameters used in the 
equations have been given in the Appendix 1. 
The geometric path of the working blade (by 
setting v= 1 ms’, w= 10 rads’ and R,= 0.33 
m) has been shown in Fig.3a. 
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Fig.3. a) The path of the cutting edge of the working blade b) the relative positions of the working 


and previous blade paths 
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Since the geometric path of the cutting edge 
of the previous blade is known (eq.(2)), the 
volume of soil that is being cut by the working 
blade will be available. 

Xpp = vt + Ry sin(wt + *) 
tr (2) 

Ypp = —Ry cos(wt + >) 

Simultaneous representation of the cutting 
edge paths of the working and the previous 
blades have been depicted in Fig.3b wherein it 
has been shown that the working blade cuts a 
narrow layer of soil in its operating cycle. 
Therefore, the weight (and ultimately the 
normal force) exerted on the soil failure plane 
is negligible. In other words, the required 
shearing force to cut the soil can be calculated 
using the formula R; = cA;. To calculate the 
torque requirement due to R; using the MS 
Excel software, the curve AB (having a central 
angle of about 45°) has been divided into 5 
segments (each having a central angle of 9°), 
and the length of each segment is denoted by 
Si = -V¥ Own it — Xwe i-a)? + Own i — Ywo t-1)?» 
then the area of that segment of the failure 
plane as well as its corresponding soil shearing 
resistance can be calculated as A; = S; xd 
and R; =cXA;. Multiplying R; by R, Xx 


= Rp wSinwt ‘ 
cos(|tan : (a) — wt) gives the 
v+Rp @ cos wt 


rotating shaft —__ 


lifting region ~_ 


required instantaneous torque T,;, and the 
torque requirement of a blade in one 
revolution of the rotor due to the soil cutting 
process (Tc) will be obtained using the 
OTT 

following formula: Te uret 
Torque requirement due to soil lifting and soil- 
metal friction processes 

The shape of the blade extension is an arc 
of a circle. To calculate the torque requirement 
due to the soil lifting process, it was supposed 
that the circular arc of the blade extension is 
divided into 25 segments, each having a 
central angle of 9°. Moreover, the added soil to 
the blade extension is accumulated in the 
lowest segment as the flange rotates. As shown 
in Fig.4, the working radius of the tiller equals 
to the distance between the cutting edge of the 
blade and the center of the rotating shaft 
(R, =7r+2R). From the viewpoint of soil 
motion along the blade extension, the circular 
arc of the blade extension can be divided into 
three regions (Fig. 4). The names of the 
regions are: soil accumulation region (five 
circular segments, each having a central angle 
of 9°), soil lifting region (fifteen circular 
segments, each having a central angle of 9°), 
and soil discharge region (five circular 
segments, each having a central angle of 9°). 


/ discharge region 
/ 


accumulation region 


Fig.4. Three regions utilized for the calculation of torque requirement due to soil lifting process 


If the position vector of the end of each 
circular segment (each of 25 circular arcs) is 


known (). the instantaneous torque will be 
available using eq. (3): 
Tw =L,xW=L,xW,j=L,x (-nW,)7 GB) 
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lb 9 
Where W,, = Psoit 9 a d R, a Parameter n 


is an integer with the values of 1, 3, 5,7, and 9 
for the accumulation region segments, 10,9, 7, 
5, 3, and 1 for the first six segments of the 
lifting region and 0 for the rest segments of it 
and the discharge region segments. Using the 
parameters shown in Fig.4, the calculating 


formula of L,is as follows(eq. (4)): 


|L;| = /R2+(R+17r)?—2R(R+1) cos 
a=(R+r)sina 
B= sin“) 
6 = 171° to — 45° (step — 9°) 
a = 9° to 225° (step + 9°) 
L, = |L;|(sinB?+cosBj) = L,t+ Loy 
The same procedure can be used to calculate 


the torque requirement due to the soil-metal 
friction process. The only substitution in eq. 


(3) is the replacement of W, with F, 1.€., 
Tr = Lx = 1, x Ft = L, x (-un W,) i) 
Combining eqs. (3) and (5) gives: 
Twre = Twi + Tr = Ly x (MW + Ki) 

= (L,i + Lyf) 

x (W,j + Ft) 

= (L,W, — LyF,)k 
Finally, the torque requirement due to 
combined soil lifting and soil-metal friction 


processes in one revolution of each blade can 
be obtained using eq. (7): 


(4) 


(6) 
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Required dynamic torque 

To calculate dynamic torque, the angular 
impulse and momentum method can _ be 
utilized. Eq. (8) demonstrates the formula. 
This formula is written for one of the above- 
mentioned 25 segments. Furthermore, suppose 
that the position vector (L,) and the soil mass 
(m;,) are constant values during the soil 
movement in each of 9 segments. 


L, X mV,-1 + Tp, at 
> > yields > 
= L, X mV, —> Tp, dt 
= L, x mi(V, ~t View) 


yields __, (8) 


In eq. (8), V, is the absolute value of soil 
velocity at the end of each circular segment, 


91 


and dt is equal to ae To calculate V, the 


absolute position vector of soil at the end of 

each segment must be available (eq. (9)): 

ee (vt + |L;| sin wt)t (9) 
Y, = —|L;| cos wt J 

The first derivative of eq. (9) leads to the 


absolute velocity of soil at the end of each 
circular segment, 1.e.: 


Ven = (v + |L;|w cos wt)? 
Vy = |L;|w sinwt J 
Applying the specifications of the vector 


product, the value of Tp, can be calculated 
using eq. (11): 


(10) 


tT a mj(LxitLyJ)x[ (Vx i-Vx i-1)it+(Vy i-Vy i-1) J] _ 
Di — foci swe ta tes a — 
mj (Lx(Vyi-Vy i-1)—LyV x i-Vxi-1)) 7 


k (11) 
dt 

Finally, the required dynamic torque in one 
revolution of a blade can be calculated as 
follows: 


7 _ XT pr 
Ty = =2e (12) 


Now, since all of the torque requirements in 
one revolution of a blade are known (ie., 


Te, To. and T); the total torque of a blade 
(T) can be calculated by summing them. 
Furthermore, the total torque of a flange (T;) 


and the total torque of the tiller (Tr) can be 
obtained as follows: 


ee = Ns? (13) 
Tr = N,Tp 


To facilitate performing calculations, the 
formulas developed herein were entered in a 
worksheet of the MS Excel software, where 
you can alter the values of five independent 
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parameters and observe the updated results and 
charts by pressing the Enter key (refer to the 
supplementary file). 
Kstimation of the machine draft theoretically 

In order to estimate the draft force of the 
machine theoretically, horizontal components 
of soil cutting force and soil-metal friction 
force were calculated and summed. It should 
be noted that since the soil weight is directed 
down and the values of inertial force and 
moment of the cut soil are negligible in 
comparison with the corresponding items of 
the machine, the effect of soil weight and 
speed on the machine draft were neglected. 
The procedure for calculating the two 
components of the draft is summarized here: 
* Dividing the time span from the instant when 
the rotating blade meets the soil to the instant 
when it reaches to the ground surface into five 
equally sized segments, and calculating the 
corresponding length of soil that is cut during 
each of them (Sj). 
* Calculating the horizontal component of soil 
cutting force ie. FYy;=cxS;xdx 


-1( Ry wsinat 
cos(|tan # (3) = wt), and the 
v+Rp © Cos wt 
horizontal component of soil-metal friction 
force i.e. Fg; = tn W, for each time segment. 


¢ Summing F,,;s and Fis to calculate SF,, 
and SF¢,. 


pale 1 
180 — * to 
2TU 40 


achieve average values of soil cutting force 


¢ Multiplying SF,, and SFR by 


and soil-metal friction force. 


Results and Discussion 


Comparison of torque and draft curves of a 
single blade 

Fig.5a shows the distribution of the 
theoretically obtained soil cutting-induced and 
the soil motion-induced torque curves of a 
blade over one revolution of the tiller shaft. 
The soil motion-induced torque consists of soil 
lifting, friction, and dynamic torques, and the 
sum of soil cutting and soil motion-induced 
torques composes the machine torque. The 
theoretical curves were obtained by entering 
the following values as the model input 
parameters: c=10kPa,v=0.01ms"1,w = 


0.1 rad s71,R =0.14m,r = 0.05m,d = 

0.04 m, p = 0.2,and p = 1850 kgm. The 
theoretical soil-cutting-induced torque was 
about 9 Nm on part AB of the curve, which is 
exactly over the soil-cutting period. Then, it 
falls to zero and remains zero on part CD, 
where the working blade is not in contact with 
the soil. Finally, when the blade encounters the 
soil at the beginning of the next rotation of the 
blade, the curve jumps up to reach point E. On 
the other hand, the variation of the soil 
motion-induced torque starts from zero at F, 
where the working blade just touches the soil. 
Since there is no mass on the blade extension 
at F, all components of the soil motion- 
induced torque are zero at this point. The 
curve goes up from F to reach the largest value 
of about 6 Nm at G (a = 55), and then it falls 
down and intersects the horizontal axis at H 
(a = 100°). The soil motion-induced torque 
remains zero between points H and I (a= 
100° — 360°) because the blade extension 
does not carry any soil in this range. 

Figs. 5b and 5c depict the distribution of 
theoretical as well as experimental curves of 
the machine torque and the draft force of a 
blade over one revolution of the tiller shaft, 
respectively. The proximity of theoretical 
curves to the experimental ones can be 
considered as the verification of the developed 
formulas. As shown, both of the torque curves 
have zero values after rotation of the tiller 
shaft through the angle of 90°. This 
observation can be explained from this point 
that after rotation of the shaft through this 
rotation angle, almost all of the cut soil 
dropped from the blade surface; therefore, 
because the mass of soil supported by the 
blade was negligible, its corresponding soil 
motion-induced torque had zero values, too. In 
order to explain why the draft curves have zero 
values after the tiller shaft rotated about 50°, it 
is necessary to consider that the draft force is 
created from the interaction between the blade 
and the uncut soil. Because the blade is in 
contact with the uncut soil only in the first 50° 
of the shaft rotation, it is expected to have zero 
values for the draft force after this rotation 
angle. 
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Fig.5. Comparison of a) theoretically estimated soil cutting and soil motion-induced torque curves 
b) theoretical and experimental curves of the machine torque, and c) theoretical and experimental 
draft curves of a blade 


Furthermore, the average _ theoretical 
machine torque of a blade is around 2.95 Nm 
and the average experimental machine torque 
is about 3.2 Nm. Moreover the average 
theoretical draft force of a blade is around 3.25 
N and the average experimental draft force is 
about 4.2 N. The difference between the 
average theoretical and experimental torques 
as well as draft forces may be due to 
dissimilarity in the working conditions of the 
modeled and real machines, the difference in 
the properties of the study soil, and the effect 
of unconsidered or neglected processes for the 
development of the theoretical formulas. 

Effect of all blades on the torque requirements 
of the machine 

Fig.6 shows the variation of the total, draft- 
induced and machine torques as a function of 
the angular position of the tiller shaft. 

An important result obtained from Figure 6 
regarding the design of the tiller is that in 
order to have a durable machine, the number 
of the tiller blades should be doubled because 


there are angular spans in the charts where the 
torque requirement is zero. These angular 
spans, which are exactly matched with the 
time spans when no blade is in contact with 
the soil, make the curves to have a periodic up 
and down variation. This means that the torque 
requirement of the machine have a periodic 
nature, which leads to the vibration of the 
machine and ultimately makes the tiller to fail 
sooner. However, if the number of the tiller 
blades is doubled, the valleys of curves will be 
filled, which means that the machine will work 
with fewer vibrations. In order to double the 
number of blades without affecting the 
configuration of them, the new blade gang, 
having the same arrangement as the first, 
should be installed on the other side of the 
tiller flange. Moreover, each blade of the new 
gang should be welded to the flange exactly 
halfway of each circular arc between the two 
adjacent blades of the first gang. 
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Fig. 6. Experimentally measured torque curves of the machine over one revolution of the tiller shaft 


Conclusions 


In this study, the soil engaging components 
of a new up-cut rotary tiller were designed and 
fabricated and the torque and draft force 
requirements of the machine were formulated 
using the laws of classical mechanics. The 
comparison of the calculated theoretical torque 
and draft force with the experimental ones had 
promising results that can be considered as the 
verification of the formulas developed herein 
(From a quantitative viewpoint, the average 
experimental draft and torque of the machine 
tilling a silty clay loam soil were 16.8 N and 
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Appendix 1-Definition of the parameters used in the theoretical formulas 


Item Definition (unit) 
Lj Distance between the end point of the i-th segment of the blade extension and the center of 
rotor (m) 
Np, Np Number of blades per flange and number of flanges (-) 
R; Shearing resistance of soil located close to the i-th segment of the blade path through the 
soil (N) 
S; and A; Length (m) and area (m’”) of the i-th segment of the blade path 
Tei Torque supplied for cutting the soil located close to the i-th segment of the blade path 
through the soil (Nm) 
Tis Torques supplied respectively to the soil lifting, overcoming the soil-metal friction, 
Tri Twri, and Tp; combined soil lifting and overcoming the soil-metal friction, and dynamic motion of the soil 
located close to the i-th segment of the blade extension (Nm) 
V; Absolute velocity of the soil located close to the i-th segment of the blade extension (m s"') 
W; and F; The weight of, and the friction force exerted on the soil located close to the i-th segment of 
the blade extension (N) 
W, The weight of soil that enters to the first segment of the blade extension (N) 
Xi, Y; The X and the Y components of the absolute position of the soil located close to the i-th 
segment of the blade extension (m) 
ty Unit vectors along the x and the y axes, respectively 
mM; The mass of the soil located close to the i-th segment of the blade extension (kg) 
Xwb» Vwb The x and the y position coordinates of the cutting edge of the working blade (mm) 
Xpp» Vob The x and the y position coordinates of the cutting edge of the previous blade (mm) 
Cc Soil cohesion (kPa) 
d Blade width (m) 
lb Bite length of the blade (m) 
r,R,and R, The rotating shaft radius, the blade extension radius, and the distance between the cutting 
edge of the blade and the rotating shaft center, respectively (m) 
t Time (s) 
v Forward speed of the machine (m s’) 
Lu Coefficient of soil-metal friction (-) 
w Angular velocity of the rotor (rad s”') 


Journal of Agricultural Machinery ja Gg S Slagle ay pis 
Vol. 10, No. 1, Spring- Summer 2020, p. 11-21 een ASAGAPy W=YY ye dTAA Jol flenous «D ojladd I> ube 


Syd ps Kae SS > yp silodgy tet Cu glie g py lhit Ki 


y ae . 
Lo Crees Gro! Ole! 

WAF/VY/YY 228L.)> Ze Jb 

WAV/+¥/ +0 tsp Zeb 


DS> 


ned Sly Gerue cla Jge 8 dawgs ime «egheo US > roilosigy jI te Age Se obj) g dle Calb ysl Liagh jl de 
MS 598 C85 15 yqejl dy90 olKiwd Ag! digas «Jo Lu yolaiods cul SMS LslKe cyilod jl oolacel b Gl Load 9 Cg’ cclajls 
WS Ce yw g 5B g SIS cy Sloe! SE ytd ody VL ASE (oy i Woke af yb CIB cypile jG dy90 pgs abou! p> 1uh3 lao af 
cal Slie pid GAB gytle lS 292 tat Ceoglite alex! 99 58 9 SE gy SEL! 9 9p Eon) idl Algo AF 495 458 LO Coe J 
Dylg Le Jge 8 «bwlore ples! > Jatoadi Ugly wed od!d Aawgi (utile gubadS Croglio 9 cyglisiS clajls merd sly Sh) cle Jgo,3 eyo 8 
Hoetllsas gat pel Cab: cclslrcSd ge5, gS celp ond ex Soslsl Laxigte jgltd® 5 th eagle sting yl wild colts ytd Jal lpg 
9 9S WL ply Cae 0d 095 Spare Lagi yylibS g htS Crglin og Mea sol Cusddy ocsigs WIA 9 sigs VIAL ply coi sits 
while oe Ciba Cyl p> dldewel cla Joed Como Sly obs CpSojluil pode ay oth 095 Cyetd porldo Cold whol Cuddy Losigad V/A 


5995 Gio Jo «yogSee Ld > lod cprlelS pit Crogliio g gli’ Uc pSojlail  GadS claojle 


x2! colgdial (Kl yg5) gladecl soy «cool SIjT olKtslo alS L559 Ios wie 09 5 eimmwgy Sule jbotiwl —\ 
bel cold ylyd Joly «ico dbel aIjT olSusslo Silo (pwdige 0995 gpimnwgn SIS jLatils -Y 
(Email: i_ahmadi_m@yahoo.com : Jaime odiu 9) —#) 
DOI: 10.22067/jam.v10i1.71744 


